Large-scale energy storage is of significance to the integration of renewable energy into electric grid. Despite the dominance of pumped hydroelectricity in the market of grid energy storage, it is limited by the suitable site selection and footprint impact. Rechargeable batteries show increasing interests in the large-scale energy storage; however, the challenging requirement of low-cost materials with long cycle and calendar life restricts most battery chemistries for use in the grid storage. Recently we introduced a concept of manganese-hydrogen battery with Mn 2+ /MnO 2 redox cathode paired with H + /H 2 gas anode, which has a long life of 10,000 cycles and with potential for grid energy storage. Here we expand this concept by replacing Mn 2+ /MnO 2 redox with a nickel-based cathode, which enables ∼10× higher areal capacity loading, reaching ∼35 mAh cm −2 . We also replace high-cost Pt catalyst on the anode with a low-cost, bifunctional nickel-molybdenumcobalt alloy, which could effectively catalyze hydrogen evolution and oxidation reactions in alkaline electrolyte. Such a nickel-hydrogen battery exhibits an energy density of ∼140 Wh kg −1 (based on active materials) in aqueous electrolyte and excellent rechargeability with negligible capacity decay over 1,500 cycles. The estimated cost of the nickel-hydrogen battery based on active materials reaches as low as ∼$83 per kilowatt-hour, demonstrating attractive characteristics for large-scale energy storage. battery | large-scale energy storage | hydrogen catalysts | nickel-hydrogen | nickel-molybdenum-cobalt F or renewable energy resources such as wind and solar to be competitive with traditional fossil fuels, it is crucial to develop large-scale energy storage systems to mitigate their intrinsic intermittency (1, 2). The cost (US dollar per kilowatt-hour; $ kWh −1 ) and long-term lifetime are the utmost critical figures of merit for large-scale energy storage (3-5). Currently, pumped-hydroelectric storage dominates the grid energy storage market because it is an inexpensive way (∼$100 kWh −1 ) to store large quantities of energy (accounts for more than 95% of global storage capacity) over a long period of time (∼50 y), but it is restricted by the lack of suitable sites and the environmental footprint (6). Other technologies such as compressed air and flywheel energy storage show some advantages for grid storage, but their relatively low efficiency and high cost need to be significantly improved (7). Rechargeable batteries offer great opportunities to target low-cost, high capacity, and highly reliable systems for large-scale energy storage (3). Representatives of the battery technologies include lead-acid (8), redoxflow (9), lithium-ion (10), sodium-sulfur (11), and liquid-metal (12); however, these existing technologies can hardly fulfill the overall economic requirements for the large utility market due to a variety of unsolved issues (2, 4, 7). Historically, conventional nickel-hydrogen battery shows outstanding rechargeability without capacity decay for over 30,000 cycles, which has been applied extensively in aerospace such as satellites and aircraft with service life of more than three decades due to its high reliability, stability, and durability (13). However, the utilization of costly Pt catalysts in the conventional nickel-hydrogen battery impedes its widespread applications. The attractive characteristics of the conventional nickel-hydrogen battery inspire us to explore advanced nickel-hydrogen battery with low cost to achieve the United States Department of Energy (DOE) target of $100 kWh −1 for grid storage (14), which is highly desirable yet very challenging.
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Recently we demonstrated a battery chemistry of manganesehydrogen (Mn-H), where the cathode is cycled between soluble Mn 2+ and solid MnO 2 and the anode is cycled between H + and H 2 gas through the well-known hydrogen evolution and oxidation reactions (HER and HOR) on a Pt electrocatalyst. Such a hydrogen battery concept represents promises of high energy density, fast charge-discharge rate capability, and long-term cycle stability. However, the areal capacity of the Mn-H battery still needs improvement due to the limited mass loading of the MnO 2 on the cathode. The utilization of expensive Pt electrocatalyst in the Mn-H battery calls for low-cost alternatives. Here we expand this battery chemistry to nickel-hydrogen (Ni-H), where the cathode is replaced by the nickel-based electrode with high areal capacity and the anode electrocatalyst is replaced by low-cost, earth-abundant, bifunctional HER/HOR electrocatalyst of nickel-molybdenum-cobalt (NiMoCo), addressing the challenges of the Mn-H battery and exhibiting great promise for practical large-scale energy storage.
The fabrication and energy storage mechanism of the Ni-H battery is schematically depicted in Fig. 1A . It is constructed in a custom-made cylindrical cell by rolling Ni(OH) 2 cathode, polymer separator, and NiMoCo-catalyzed anode into a steel vessel, similar to the fabrication of commercial AA batteries. The cathode nickel hydroxide/oxyhydroxide (Ni(OH) 2 /NiOOH) reaction is known to be highly rechargeable for commercial alkaline batteries including Significance Rechargeable batteries offer great opportunities to target lowcost, high-capacity, and highly reliable systems for large-scale energy storage. This work introduces an aqueous nickelhydrogen battery by using a nickel hydroxide cathode with industrial-level areal capacity of ∼35 mAh cm −2 and a low-cost, bifunctional nickel-molybdenum-cobalt electrocatalyst as hydrogen anode to effectively catalyze hydrogen evolution and oxidation reactions in alkaline electrolyte. The nickel-hydrogen battery exhibits an energy density of ∼140 Wh kg −1 in aqueous electrolyte and excellent rechargeability without capacity decay over 1,500 cycles. The estimated cost of the nickel-hydrogen battery reaches as low as ∼$83 per kilowatt-hour, demonstrating attractive potential for practical large-scale energy storage.
nickel-cadmium, nickel-hydrogen, and nickel-metal hydrides (15) . Nevertheless, these commercially well-developed batteries show drawbacks of poor cycle stability (nickel-metal hydrides), high cost (nickel-hydrogen), or environmental footprint (nickelcadmium) (16) (17) (18) . A 30% potassium hydroxide (KOH) solution is used as the electrolyte. The steel vessel is equipped with a gas inlet and outlet to get rid of air and to direct the hydrogen flow into and out of the cell when necessary. A prototypical Ni-H testing cell is shown in SI Appendix, Fig. S1 . During charge, the cathode Ni(OH) 2 is oxidized to NiOOH; meanwhile hydrogen gas is evolved from alkaline electrolyte on the anode via the NiMoCo-catalyzed HER. During discharge, the cathode NiOOH is reduced back to Ni(OH) 2 and hydrogen gas is oxidized on the anode via the NiMoCo-catalyzed HOR. The redox reactions of the Ni-H battery during charge and discharge can be described as: (Fig. 1C , Inset) into nickel foam to form a compact electrode (SI Appendix, Fig. S2 ) (19) . Scanning electron microscopy (SEM) images show that the Ni(OH) 2 cathode has an average thickness of ∼700 μm (Fig. 1C ). Due to the high density of the Ni(OH) 2 microsphere, the tap density of the cathode is ∼2.6 g cm −3 , corresponding to a high mass loading of ∼182 mg cm −2 . The Ni(OH) 2 was further characterized by X-ray diffraction (XRD) to be β-phase (SI Appendix, Fig. S3 ), which was known as the most stable phase in the Ni(OH) 2 family (16) . The large thickness, high mass loading, and tap density of the Ni(OH) 2 electrode are among that of industry levels, enabling our Ni-H battery into practical energy storage applications. In contrast, the anode comprises a 3D thin layer of NiMoCo catalyst, which was directly grown on porous nickel foam without any conducting additive or binder ( Fig. 1B) . XRD confirmed the crystal phase of the NiMoCo alloy (SI Appendix, Fig. S4 ). High-resolution SEM images reveal that the NiMoCo consists of many interconnected nanoparticles (Fig. 1D, Inset) . It is further disclosed by transmission electron microscopy that the NiMoCo nanoparticles are in the range of tens of nanometers (SI Appendix, Fig. S5 ). The scanning transmission electron microscopy and the elemental mapping of the NiMoCo alloy clearly demonstrate the uniform distribution of the individual elements of Ni, Mo, and Co (SI Appendix, Fig. S6 ). The developed NiMoCo electrode has some unique features to the Ni-H battery. (i) Due to the 3D characteristic of the nickel foam, the resulting NiMoCo electrode retains the macroporous hierarchical nature (Fig. 1D) . Meanwhile, the interconnected NiMoCo nanoparticles give rise to the formation of nanopores in between, making a porous NiMoCo electrode with highly accessible surface for fast battery charge and discharge reactions. (ii) The generated hydrogen gas can be easily evolved on the porous anode in the charge process and be effectively oxidized in the discharge process. (iii) The nickel foam skeletons are interconnected virtually free-of-junction, assuring high electrical conductivity of the electrodes for good battery operation. Fig. 2 demonstrates the electrochemical performance of the Ni-H cylindrical battery using the compact Ni(OH) 2 cathode and 3D NiMoCo anode. The galvanostatic charge and discharge tests at a constant current of 50 mA (∼2.78 mA cm −2 ) represent distinct charge and discharge plateaus around 1.55 and 1.25 V, respectively ( Fig. 2A, Inset) , which agree well with the reaction potentials between Ni(OH) 2 /NiOOH and HER/HOR (17) . Our Ni-H cylindrical battery can achieve high discharge capacity of 640 mAh, corresponding to Coulombic efficiency of ∼98.5%, which is equivalent to a specific capacity of 195 mAh g −1 [based on the mass of Ni(OH) 2 ] and areal capacity of 35.5 mAh cm −2 . The Ni-H battery under different current densities shows well-retained discharge capacities, demonstrating its remarkable rate capability ( Fig. 2A) , although it shows gradually increased charge-discharge overpotentials and slightly decreased Coulombic efficiencies with the increase of charge currents ( Fig. 2A, Inset) . For example, the discharge capacity of the Ni-H battery at current density of 120 mA is still as high as ∼618 mAh with the Coulombic efficiency of ∼95%. Meanwhile, our Ni-H battery can be operated under fast charge mode. A set of the charge-discharge measurements shows that the discharge capacities of the Ni-H battery at current density of 50 mA stayed almost the same under different charge-current densities (from 50 to 150 mA) (SI Appendix, Fig. S7 ). Impressively, the Ni-H battery exhibits excellent rechargeability, retaining above 95% of the charge capacity ( Fig. 2B) and Coulombic efficiency (SI Appendix, Fig. S8 ) after 600 cycles at a current of 100 mA (∼5.56 mA cm −2 ). The energy density of our Ni-H cylindrical battery is calculated to be ∼140 Wh kg −1 (normalized to the mass of all components in the cell but excluding the steel vessel). On the basis of the electrochemical performance, the energy cost of the materials utilization in the Ni-H cylindrical battery is estimated to be ∼$83 kWh −1 , showing promise for the DOE cost target of $100 kWh −1 for large-scale energy storage applications (SI Appendix, Table S1 ). Notably, the capital cost of the Ni-H system can be further reduced by optimization of the electrode materials and the battery operation system.
The outstanding electrochemical performance of the Ni-H battery is largely ascribed to the electrocatalytic properties of the NiMoCo anode toward both HER and HOR. Over the past few decades, tremendous efforts have been devoted to the development of low-cost, highly active hydrogen catalysts for HER and HOR (20) (21) (22) (23) (24) . The state-of-the-art HER electrocatalysts include precious metals (Pt, Ir, Pd) (25), sulfides (MoS 2 , NiS 2 ) (26, 27), phosphide (28) , carbide (29) , nitride (30) , metal alloys (31) , and metal-free materials (32) . The mostly investigated HOR electrocatalysts are precious metals (Pt, Ir, Ru, Pd) (20, 25) . However, only a few catalysts showed bifunctional HER/HOR activities, among which Pt is considered as one of the most active catalysts. Therefore, it is important to develop low-cost alternatives to replace the costly Pt. There are few reports on the fabrication of low-cost bifunctional electrocatalysts for both HER and HOR to date. We studied the electrocatalytic performance of the NiMoCo alloy as bifunctional hydrogen electrode for HER/ HOR. In fact, NiMo has been recognized as a very active HER catalyst in alkaline media previously (33, 34) . Recently, it was found that NiMoCo with a small amount of Co substitution showed comparable HOR activity to that of Pt due to its optimal hydrogen binding energy (22) . The HER activity of the catalyst was tested in a typical three-electrode configuration. The nickel foam substrate and Pt/C-coated nickel foam are included for comparison. As shown in Fig. 3A , the Pt/C and NiMoCo electrodes exhibit significantly higher current densities than that of the nickel foam, indicating the negligible HER activity of the nickel foam and significant activity of the Pt/C and NiMoCo catalysts. The exceptional HER activity of NiMoCo approaches the benchmark Pt/C catalyst. It requires overpotential of only ∼80 mV for the NiMoCo electrode to drive hydrogen generation at current density of 10 mA cm −2 , which is highly comparable to that of the Pt/C catalyst which has overpotential of ∼71 mV.
To reach a high current density of 200 mA cm −2 , the applied overpotential of the NiMoCo electrode is as low as ∼180 mV, making it one of the most active nonprecious electrocatalysts toward HER in alkaline solutions (35) (36) (37) . Remarkably, the NiMoCo demonstrates outstanding long-term stability, showing no noticeable HER activity degradation over 1,500 h of hydrolysis at current density of 20 mA cm −2 (Fig. 3C) . As comparison, the Pt/C catalyst shows gradual activity degradation over 800 h of hydrolysis, probably due to the detachment of the Pt/C from the nickel foam which is caused by the generous hydrogen evolution bubbles.
We then applied a two-electrode setup to test the long-term HOR activity of the catalysts. Fig. 3B shows the polarization curves of the nickel foam, Pt/C, and NiMoCo on nickel foam under different gas conditions. The anodic current above zero is an indicator of hydrogen oxidation. It shows that the Pt/C and NiMoCo have negligible activities toward HOR under argon atmosphere, virtually because of the limited availability of hydrogen gas in the testing cell. Nickel foam shows no detectable HOR activity under hydrogen atmosphere. In comparison, both Pt/C and NiMoCo exhibit the typical polarization curves with large current densities under hydrogen atmosphere, indicating their excellent HOR activities. The NiMoCo electrode was tested to have an onset potential of 0 V toward HOR, which is the same as that of the Pt/C electrode, confirming its active HOR catalytic performance. We have also performed long-term stability tests toward the HOR activity of the NiMoCo electrode. Impressively, the NiMoCo electrode shows negligible activity degradation over 1,000 h of consecutive hydrogen oxidation (Fig.  3D) . In contrast, the Pt/C electrode shows slight activity decay over long term (Fig. 3D ). The outstanding HER/HOR activities of the NiMoCo electrode make it an exceptional bifunctional hydrogen catalyst for the Ni-H battery application.
The development of the NiMoCo catalyst as the 3D hydrogen electrode provides many advantages over the conventional slurry-coated Pt/C catalysts. (i) Compared with the costly Pt/C, the use of low-cost NiMoCo as the hydrogen catalyst can dramatically reduce the battery cost, making it highly promising for large-scale energy storage application. (ii) The electrochemical deposition of the NiMoCo catalyst on nickel foam gives rise to a 3D electrode with no carbon additive or polymer binder, which not only improves the electrode conductivity but also avoids the carbon oxidation induced catalyst failure or the possible catalytic poisons (38) . (iii) The dc power supplied two-electrode deposition is of large-scale fabrication (SI Appendix, Fig. S9 ), allowing the development of the Ni-H battery for large-scale applications. (iv) The electrodeposition of NiMoCo is applicable to any conductive substrates. In this regard, we have successfully deposited the NiMoCo alloys onto nickel foam and foil, stainless-steel mesh and foil, and carbon fiber cloth (SI Appendix, Fig. S10 ). (v) The composition, morphology, and thickness of the NiMoCo can be well controlled by the electrodeposition, which provides a general approach to the optimization of the NiMoCo catalyst and to the fabrication of other metal/metal alloys for many widespread applications.
We developed small-sized Swagelok battery to further investigate the electrochemical performance of the Ni-H battery (SI Appendix, Fig. S11 ). The Ni(OH) 2 cathode, separator, and the NiMoCo-or Pt/C-catalyzed hydrogen anode are laminated in stacks for the assembly of the Swagelok Ni-H battery. The galvanostatic charge-discharge curves of the Swagelok Ni-H battery by the deployments of the NiMoCo and Pt/C anodes (denoted as Ni-NiMoCo and Ni-Pt batteries) demonstrate the comparable electrochemical behaviors (Fig. 4A) . Specifically, the charge potential of the Ni-Pt battery is slightly lower than that of the Ni-NiMoCo battery (Fig. 4A) , which is consistent with the HER behaviors of the Pt/C and NiMoCo anodes (Fig. 3A) . However, the Ni-NiMoCo battery shows better discharge characteristics in terms of a slightly higher discharge potential and thus discharge capacity. Impressively, the Swagelok Ni-NiMoCo battery has outstanding long-term cycle stability, exhibiting negligible capacity decay over 1,500 cycles (Fig. 4B) . However, the Ni-Pt battery shows gradual capacity degradation over cycling, which is probably due to the partial detachment of the Pt/C catalyst from the anode during the intensive HER/HOR in the long cycling tests. The electrochemical performance of the Ni-NiMoCo battery demonstrates the remarkable electrocatalytic activity of the NiMoCo electrode as a robust bifunctional HER/HOR catalyst in the alkaline electrolyte.
In conclusion, we have developed a Ni-H battery using Ni(OH) 2 cathode and a low-cost NiMoCo-catalyzed HER/HOR anode.
The Ni-H battery shows energy density of ∼140 Wh kg −1 (based on active materials) with excellent rechargeability over 1,500 cycles. The low energy cost of ∼$83 kWh −1 based on active materials achieves the DOE target of $100 kWh −1 , which makes it promising for the large-scale energy storage application. Future work will be focused on the optimization of the electrode materials and the battery systems for improved electrochemical performance. The battery chemistry demonstrated in the present work may lead to the exploration of next-generation, lowcost rechargeable batteries.
